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http:WHAT THIS PAPER ADDS
Pancreaticoduodenal arteries (PDA) aneurysms are rare; however, PDA aneurysms are among the most life-
threatening of all splanchnic aneurysms. Fifty to eighty percent of PDA aneurysms are reported to accom-
pany celiac artery stenosis. We assessed hemodynamic parameters such as ﬂow volume, maximum ﬂow velocity,
wall shear stress, and oscillatory shear index using four-dimensional ﬂow-sensitive magnetic resonance imaging
(4D-Flow). 4D-Flow identiﬁed vortex ﬂow and heterogenous distribution patterns of wall shear stress in not only
PDA aneurysms but also across entire PDAs. Resected PDA aneurysms are all atherosclerotic. This study gained
insights into the pathogenesis of PDA aneurysms.Objectives: Many pancreaticoduodenal artery (PDA) aneurysms are associated with celiac artery (CA) stenosis.
The pathogenesis of PDA aneurysm may be associated with hemodynamic changes due to CA stenosis/occlusion.
The aim of this study was to assess the hemodynamic changes of celiaco-mesenteric anastomosis in patients with
PDA aneurysms concomitant with CA occlusion using four-dimensional ﬂow-sensitive magnetic resonance
imaging (4D-Flow).
Methods: 4D-Flow was performed preoperatively on ﬁve patients. Seven age- and sex-matched individuals were
used as controls. Hemodynamic parameters such as ﬂow volume and maximum ﬂow velocity in PDAs,
gastroduodenal arteries, common hepatic arteries, and superior mesenteric arteries were compared between
both groups. Wall shear stress (WSS) and oscillatory shear index (OSI) were mapped in both groups.
Results: In the patient group, 4D-Flow identiﬁed retrograde ﬂow of both gastroduodenal arteries and common
hepatic arteries. Heterogeneous distribution patterns of both WSS and OSI were identiﬁed across the entire PDA
in the patient group. OSI mapping showed multiple regions with extremely high OSI values (OSI > 0.3) in all
patients. All PDA aneurysms, which were surgically resected, were atherosclerotic.
Conclusions: 4D-Flow identiﬁed hemodynamic changes in celiaco-mesenteric arteries in patients with PDA
aneurysms with concomitant CA occlusion. These hemodynamic changes may be associated with PDA aneurysm
formation.
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The pancreaticoduodenal arcades comprise the arterial
network encircling the pancreatic head. These arcades
connect the celiac artery (CA) system and the superior
mesenteric artery via the superior and the inferior pan-
creaticoduodenal arteries (PDAs). Aneurysms at this arcade
are often collectively described as PDA aneurysms. PDA
322 European Journal of Vascular and Endovascular Surgery Volume 46 Issue 3 September/2013aneurysms are unusual, and constitute only 2% of all
visceral aneurysms.1 However, PDA aneurysms are among
the most life-threatening of all splanchnic aneurysms, with
a mortality rate of up to 50% in case of a ruptured aneu-
rysm.1,2 Accumulating evidence reveals that 50e80% of
PDA aneurysms are associated with CA stenosis.2e4
The purpose of this study was to assess hemodynamic
alterations across the entire celiaco-mesenteric anasto-
mosis, including the gastroduodenal artery (GDA), common
hepatic artery (CHA), proper hepatic artery (PHA), and su-
perior mesenteric artery (SMA), in patients with PDA an-
eurysms accompanied by CA occlusion. To gain insight into
the mechanisms underlying PDA aneurysms, we used a
four-dimensional (4D) ﬂow-sensitive magnetic resonance
imaging (MRI) device (4D-Flow). 4D-Flow enables the study
of arterial hemodynamics, ﬂow patterns, and derived vessel
wall parameters in vivo; it serves as an important tool for
both diagnosis and preoperative evaluation.5e7 In this
article, the results of patients with PDA aneurysms are
compared with those of age- and sex-matched normoten-
sive control participants with a normal aortic diameter and
regular valve function.MATERIALS AND METHODS
Subjects
This study was approved by the institutional review board of
the University School of Medicine, Hamamatsu, Japan. Be-
tween August 2006 and November 2011, ﬁve consecutive
patients with PDA aneurysm concomitant with CA occlusion
underwent 4D-Flow to evaluate the hemodynamics of
celiaco-mesenteric anastomosis. During the same period,
seven individuals who did not have any cardiovascular or
abdominal disease underwent 4D-Flow (control group).
Written informed consent was obtained from all participants.
All patients with PDA aneurysm were scheduled to undergo
surgery, and 4D-Flow was performed preoperatively.Table 1. Study population demographics.
Control
participants
Patients p
Number, n 7 5
Age, years
[mean  SD
(median)]
62.5  12.2 (65) 61.8  15.6 (71) 0.664
Sex, n
(male:female)
4:3 3:2
Weight,
kg (mean  SD)
61.3  11.8 62.8  16.0 0.524
Height, cm
(mean  SD)
160.7  6.9 160.6  13.5 0.494Time-resolved contrast-enhanced three-dimensional
magnetic resonance angiography and 4D-Flow
Prior to 4D-Flow, contrast-enhanced three-dimensional
magnetic resonance angiography was performed after bolus
injection of gadolinium chelate with standard dose of
0.1 mmol/kg at an injection rate of 2e3 ml/s using an auto-
injector. The contrast agent was used to increase the deﬁ-
nition of the arterial wall boundary for post-processing and
also to increase the signal-to-noise ratio in the 4D-Flow
measurement.
Electrocardiography-gated, respiratory compensated
three-dimensional (3D) fast spoiled gradient recalled echo-
based 4D-Flow was conducted covering the PHA, PDA,
proximal portion of SMA, and splenic artery with the pa-
rameters described in the Supplementary material (Supple-
mentary method). 4D-Flow data sets and magnetic
resonance angiography (MRA) data sets were transferred to
a personal computer (Intel Core i7 CPU, 3.2 GHz, 12 GB
RAM, Microsoft Windows 7) in DICOM format, and werepost-processed with ﬂow analysis software (Flova; Renais-
sance Technology, Hamamatsu, Japan). The application
consisted of two processes of extraction and analysis. First,
time-resolved images of 3D velocity vector ﬁelds were
generated to overview the blood ﬂow within the abdominal
aorta. Then, 3D streamlines, wall shear stress (WSS) maps,
and oscillatory shear index (OSI) maps were generated using
4D data sets (please refer to online-only supplementary
material for further details on the method used).Generation of 3D streamlines
Wechose several cross-sectional planes every 2 cm traversing
the abdominal aorta, CHA, GDA, PHA, SMA, and the ﬁrst,
second, and third segments of the pancreatic arcade. All
planes were placed perpendicular to the longitudinal axis of
the artery. We then generated 3D streamlines using the
RungeeKutta method.8 3D streamlines are integrated traces
along the instantaneous velocity vector ﬁeld that are color-
coded according to the local velocity magnitude.Calculation of WSS and OSI
WSS is deﬁned as the product of ﬂuid viscosity and shearing
velocity of the neighboring vascular wall. The method we
used to calculate the shearing velocity vector was similar to
that reported by Masaryk et al.9 and Cheng et al.;10 how-
ever, our method was 3D not 2D. A 3D method to measure
WSS has previously been reported by Isoda et al.,11 on
which our application is based. The dynamic viscosity of the
blood was assumed to be 0.00384 Pa/s in the application.
OSI that reﬂects instantaneous ﬂuctuation of WSS was
calculated by temporal changes in the local WSS vector. OSI
is deﬁned as:

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where WSSti is an instantaneous WSS vector.
12 OSI ranges
from 0 to 0.5, and a large OSI implies that instantaneous
WSS vectors ﬂuctuate greatly in relation to the main stream
direction at the calculated point during one cardiac cycle.Flow dynamics of the arterial branches
The ﬂow patterns in the PDA and other branches were
evaluated by means of streamline observations by two
Y. Mano et al. 323independent observers. To do that on a segment-by-
segment basis, we classiﬁed the PDAs into three areas: ar-
cade 1 (the portion near the SMA); arcade 2 (mid-portion of
the PDA); arcade 3 (the portion near the GDA).
Statistical analysis
To detect statistically signiﬁcant differences in demographics
between patients and controls, a t test was used. For grading
abnormal ﬂow, ﬂow volume, velocity, and WSS, the Manne
Whitney test was used. In all tests, p < .05 was considered
signiﬁcant. The reliability of two independent observers was
assessed by Cohen’s k.13 According to Landis and Koch,14Figure 1. Preoperative magnetic resonance angiography (MRA; latera
creaticoduodenal artery (PDA) aneurysm (Elastica van Gieson staining)
arrows indicate PDA aneurysm. Note. 71F ¼ 71-year-old female; HT
SM ¼ current or past history of smoking; 78M ¼ 78-year-old
GDA ¼ gastroduodenal artery; lt.EIA ¼ left external iliac artery; PHA ¼k > 0.4 indicates moderate reliability, whereas k > 0.6,
and k > 0.8 indicate good and very good reliability, respec-
tively. Prism v. 5.0 (graphPad Software Inc. La Jolla, Ca) was
used for statistical analysis.
RESULTS
4D-Flow was performed in ﬁve patients with PDA aneurysm
concomitant with CA occlusion. Among these ﬁve patients,
four were hypertensive and three were smokers or had a
history of smoking; none had hyperlipidemia or diabetes.
For comparison purposes, we also analyzed seven volun-
teers who had neither CA occlusion nor PDA aneurysm. Thel and frontal view) and histological images of the resected pan-
On MRA, red arrows indicate occlusion of the celiac artery; yellow
¼ hypertension; HL ¼ hyperlipidemia; DM ¼ diabetes mellitus;
male; 46M ¼ 46-year-old male; 74F: 74-year-old female;
proper hepatic artery; MAL ¼ median arcuate ligament.
Figure 2. Three-dimensional visualization of blood streamline of systolic phase in a control participant, patient 1, and patient 2. Note. The
line color indicates blood velocity, i.e., color changes from blue to red as the velocity increases. Blue indicates 0 mm/s; red indicates the
maximum velocity in each case.
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Table 1.
MRAs are shown in Fig. 1. Patients 1 and 3 had multiple
PDA aneurysms (patient 1 had more than 10 aneurysms,
along with a splenic artery aneurysm, and patient 2 had two
PDA aneurysms). The other three patients had a solitary
PDA aneurysm. Before surgical treatment, all patients un-
derwent 4D-Flow. With regard to treatment, patient 1 un-
derwent pancreaticoduodenectomy with an aorto-GDA
bypass for resection of the multiple aneurysms. Patients 2,
3, and 4 underwent aneurysmectomy with revasculariza-
tion. Patient 5 underwent laparoscopic incision of the me-
dian arcuate ligament, according to the patient’s request
(with subsequent follow-up for the PDA). Histological ex-
amination revealed that all resected aneurysms in patients
1e4 were atherosclerotic (Fig. 1).Table 2. Abnormal ﬂow pattern and frequency of vortex ﬂow in
control participants and patients.
Control
participants
Patients p
Aorta 0 (0%) 0 (0%)
CHA 0.50  0.50
(50.0%)
1.0  0.87 (62.5%) 0.09600
GDA 0.26  0.45
(28.6%)
1.2  0.87 (70.0%) 0.00580a
PHA 0.40  0.49
(40.0%)
1.4  0.80 (80.0%) 0.00500a
SMA 0.26  0.45
(28.6%)
1.2  0.60 (90.0%) 0.00082a
Arcade 1 N/A 0.80  0.60 (70.0%)
Arcade 2 N/A 0.70  0.46 (70.0%)
Arcade 3 N/A 0.60  0.49 (60.0%)
Aneurysm N/A 1.75  0.43 (100%)
Note. All data are the mean  SD of the two readers’
scores.CHA ¼ common hepatic arteries; GDA ¼ gastroduodenal
arteries; PHA ¼ proper hepatic arteries; SMA ¼ superior
mesenteric arteries; arcade 1 ¼ pancreaticoduodenal artery
(PDA) near the SMA; arcade 2 ¼ mid-portion of the PDA; arcade
3 ¼ the portion near the GDA; N/A ¼ not available.
a Considered statistically signiﬁcant by ManneWhitney test.Streamline and ﬂow pattern
Instantaneous 3D streamlines, instantaneous and time-
averaged WSS distribution maps, and OSI distribution maps
in arbitrary directions during the cardiac phase were obtained
in both groups. Typical images of arterial streamline of a con-
trol participant and two patients (patients 1 and 2) are shown
in Fig. 2 and in the Supplementary material (Supplementary
Movies 1e3). In controls, the streamline in CA, CHA, PHA,GDA,
and SMA was laminar and smooth. However, 4D-Flow did not
allow visualization of the PDAs because of their relatively
small size and low blood ﬂow volume. However, in patients
with PDA aneurysm, PDA aneurysms and PDA arteries were
well visualized with 4D-Flow. Vortex or helical ﬂow was
observed throughout the entire PDA. Interestingly, CA, CHA,
PHA, GDA, and SMA also showed vortex or helical ﬂow in pa-
tients with PDA aneurysms, but not in control participants.
Two independent observers evaluated the ﬂowpatterns in the
PDA. Comparison of the ﬂow grading revealed substantial
interobserver agreement (k ¼ 0.65; agreement with vortex
ﬂow in the aorta, CHA, GDA, PHA, SMA, and in arcades 1e3).
The ﬂow grading and the frequency of vortex or helical ﬂow in
control participants and patients are summarized in Table 2.
Vortex ﬂow was not observed in the aorta of patients and
control participants. However, in visceral arteries, such as theCHA, GDA, PHA, and SMA, vortex ﬂow was more frequent
in patients with PDA aneurysm than in controls. Vortex or
helical ﬂow was also frequently observed in arcades 1e3, but
interobserver reliability was not calculated for these vessels
because of lack of data in the control group.
Supplementary video related to this article can be found
online at http://dx.doi.org/10.1016/j.ejvs.2013.06.011.
The following are the Supplementary video related to this
article: Supplementary Movie 1: Three-dimensional visuali-
zation of blood streamline in a control participant. Sup-
plementary Movie 2: Three-dimensional visualization of
blood streamline in patient 1. Supplementary Movie 3:
Three-dimensional visualization of blood streamline in
patient 2.
WSS and OSI
Fig. 3 shows WSS in the aorta, CHA, GDA, PHA, SMA, and
PDA. Patients with PDA aneurysms revealed more
Figure 3. Three-dimensional visualization of wall shear stress (WSS) of the systolic phase in a control participant, patient 1, and patient 2.
Note. Arterial wall color indicates WSS, i.e., the color changes from blue to red as the WSS increases. Blue indicates 0 Pa; red indicates WSS
>2.0 Pa.
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WSS distributed along the same artery, than control par-
ticipants, where distribution of WSS seemed to be more
homogeneous. In patients, the average value of WSS in the
PDA was similar to that of other visceral arteries (Table 3).
However, OSI maps, which reﬂect more instantaneous WSS
vector ﬂuctuation from the main stream direction, showed
multiple regions with extremely high OSI values (Fig. 4; red
and yellow areas represent OSI > 0.3 and 0.3 > OSI > 0.2,
respectively) distributed heterogeneously throughout the
PDA in all patients with PDA aneurysms. In contrast, those
hot regions were rarely observed in control participants.
Flow volume and blood velocity
Tables 4 and 5 show the average volume of blood ﬂow and
ﬂow velocity, respectively, which were obtained by 4D-Flow
in the control and patient groups. Positive values indicate
antegrade ﬂow direction, while negative values indicate
retrograde ﬂow direction. The ﬂow patterns were pulsatile;
however, they were not bi- or tri-phasic; moreover, the ﬂow
direction was mostly uni-directional throughout the cardiac
cycle (Supplementary Figure). In patients, both CHA and
GDA had retrograde ﬂow. Flow volume in GDA and SMA
was signiﬁcantly higher in patients than in controlTable 3.Wall shear stress (Pa) in control participants and patients.
Control participants Patients p
Aorta 0.404  0.150 0.413  0.198 0.468
CHA 0.293  0.093 0.330  0.072 0.285
GDA 0.210  0.071 0.517  0.331 0.044a
PHA 0.215  0.052 0.286  0.212 0.377
SMA 0.338  0.171 0.709  0.376 0.840
Arcade 1 N/A 0.332  0.216
Arcade 2 N/A 0.297  0.112
Arcade 3 N/A 0.325  0.168
Aneurysm N/A 0.306  0.119
Note. All data are the mean  SD.CHA¼ common hepatic arteries;
GDA ¼ gastroduodenal arteries; PHA ¼ proper hepatic arteries;
SMA ¼ superior mesenteric arteries; arcade 1 ¼ pancreaticoduodenal
artery (PDA) near the SMA; arcade 2 ¼ mid-portion of the PDA;
arcade 3¼ the portion near the GDA; N/A¼ not available.
a Considered statistically signiﬁcant by ManneWhitney test.participants. Maximum ﬂow velocity was signiﬁcantly
increased in GDA, but signiﬁcantly decreased in SMA in
patients compared with control participants.DISCUSSION
Previous reports have shown that a considerable part of PDA
aneurysms with CA occlusion/stenosis are atherosclerotic.
However, the most frequent cause of CA occlusion in those
cases is not the atherosclerotic degeneration itself but
compression by the median arcuate ligament. Upon CA oc-
clusion, the rich anastomotic network between the CA and
the SMAs has to supply blood to the liver, stomach, and
pancreas via the PDA. Previous studies have reported that
hemodynamic changes are responsible for initiation, growth,
and rupture of intracranial aneurysms.15e17 In this study, we
used 4D-Flow for non-invasive evaluation of hemodynamic
changes in in vivo blood ﬂow in the abdominal visceral ar-
teries of patients with PDA aneurysms concomitant with CA
occlusion. This emerging technique has previously been used
for investigating hemodynamics in various anatomical loca-
tions, including the neck, brain, and thorax.18e20
In the present study, ﬂow volume was increased in both
GDA and SMA in patients with PDA aneurysm compared with
control participants. As anticipated, both CHA and GDA
showed retrograde ﬂow in PDA patients, i.e., the direction of
blood ﬂow inCHA andGDAwas from right to left, and from the
caudal to cranial side, respectively. For PDA arteries, 4D-Flow
could depict images of blood ﬂow only in patients with PDA
aneurysm, which suggested increased blood ﬂow and
enlargement of the PDA. However, this hindered comparison
of hemodynamic changes between patients and control par-
ticipants. The data we obtained regarding PDAs showed that
PDA segments (arcades 1e3)had similar values ofﬂowvolume
and ﬂow velocity as observed in CHA, GDA, and PHA in control
participants; this suggested that PDAs that are generally un-
detectable on MRI became so enlarged as to be similar to the
size of major visceral arteries. The streamlines of arteries,
which are instantaneously tangent to the velocity vector of
blood ﬂow, show the direction of ﬂow at any chosen time
point. The ﬂow patterns depicted by the streamline visualiza-
tion showed that enlarged PDA arteries had vortex or helical
Figure 4. Three-dimensional visualization of oscillatory shear index (OSI) in a control participant and all patients with PDA aneurysm. Note.
Color-coded images indicate distribution of OSI, i.e., the color changes from white to red as the OSI increases. White indicates OSI ¼ 0.1;
red indicates OSI >0.3.
Table 5. Maximum blood velocity (mm/s) in control participants
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as cerebral artery aneurysms or abdominal aortic aneurysms,
PDA aneurysms also show vortex ﬂow patterns in streamline
images.21,22 The temporal average over the cardiac cycle of
the absolute WSS in PDA showed heterogenous distribution
of low WSS area. OSI mapping identiﬁed extremely high OSI
areas, which were heterogeneously distributed not only in
PDA, but also in GDA and SMA. Mantha et al.16 reported that
intracranial aneurysms occur at sites with low WSS. Low WSS
causes degeneration and apoptosis of endothelial cells.23,24
Endothelial cells are very sensitive to instantaneousTable 4. Flow volume (mm3/s) in control participants and patients.
Control participants Patients p
Aorta 35,913.5  8892.5 37,314.8  9195.7 0.468
CHA 492.2  371.7 1306.8  1397.6 0.093a
GDA 286.6  217.5 1742.2  960.6 0.044a
PHA 213.5  235.6 394.9  930.1 0.232
SMA 2337.6  1131.7 2539.8  4012.1 0.031a
Arcade 1 N/A 1251.8  1895.7
Arcade 2 N/A 368.7  498.7
Arcade 3 N/A 547.3  596.6
Note. All data are the mean  SD. Positive values of ﬂow volume
indicate antegrade ﬂow direction, while negative values indicate
retrograde ﬂow direction.CHA ¼ common hepatic arteries;
GDA ¼ gastroduodenal arteries; PHA ¼ proper hepatic arteries;
SMA ¼ superior mesenteric arteries; arcade 1 ¼ pancreaticoduodenal
artery (PDA) near the SMA; arcade 2 ¼ mid-portion of the PDA;
arcade 3¼ the portion near the GDA; N/A¼ not available.
a Considered statistically signiﬁcant by ManneWhitney test.ﬂuctuations of WSS;12,25 therefore, we calculated OSI, which
reﬂectsWSS vectorﬂuctuation from themain streamdirection
at the calculated point during one cardiac cycle. We, and
others, have previously reported that low WSS and high OSI
are important factors contributing to rupture of intracranial
aneurysms.22,26 Both lowWSS and high OSI also cause intimal
hyperplasia and accelerate atherosclerosis progression.23,27
Indeed, in this study, all PDA aneurysms subjected to histo-
logical analysis were atherosclerotic. Considering theseand patients.
Controls Patients p
Aorta 207.8  75.7 207.0  71.7 0.468
CHA 62.1  30.5 68.6  79.5 0.093
GDA 52.7  19.8 156.4  97.2 0.044a
PHA 41.6  30.0 33.1  110.3 0.146
SMA 134.3  70.9 67.0  269.7 0.031a
Arcade 1 N/A 83.9  119.7
Arcade 2 N/A 25.3  71.5
Arcade 3 N/A 76.9  72.3
Note. All data are the mean  SD. Positive values of maximum
blood velocity indicate antegrade ﬂow direction, while negative
values indicate retrograde ﬂow direction.CHA ¼ common hepatic
arteries; GDA ¼ gastroduodenal arteries; PHA ¼ proper hepatic
arteries; SMA ¼ superior mesenteric arteries; arcade
1 ¼ pancreaticoduodenal artery (PDA) near the SMA; arcade
2 ¼ mid-portion of the PDA; arcade 3, ¼ the portion near the
GDA; N/A ¼ not available.
a Considered statistically signiﬁcant by ManneWhitney test.
Y. Mano et al. 327ﬁndings, we speculate that aneurysmal formation in PDA re-
gion is associated with secondary hemodynamic changes due
toCAocclusion.To conﬁrmour hypothesis, a prospective study
should be performed to observe patients with CA occlusion
using 4D-Flow and periodical follow-up of the PDA. However,
it may be difﬁcult to recruit a large number of patients
who agree to undergo periodical 4D-Flow study.
In this study, use of 4D-Flow provided new insights into the
hemodynamic changes in CA occlusion. As we discussed
earlier, 4D-Flow identiﬁed retrograde ﬂow of CHA and GDA in
patients with PDA aneurysm who had concomitant CA occlu-
sion. The method also proved its potential to be used as a
preoperative indicator of blood ﬂow in PDA. Pan-
creaticoduodenectomy involves sacriﬁce of the GDA; this
poses an ischemic threat to the liver, stomach, pancreas, and
various anastomoses in patients with CA occlusion. In such
cases, aorto-hepatic bypass or preservation of GDA should be
considered to avoid ischemia.28 However, in case of CA ste-
nosis, preoperative information on which artery (either CA or
GDA) is dominant in supplying blood to the liver is important to
perform pancreaticoduodenectomy safely. Nowadays, the
right gastroepiploic artery is often used as a bypass conduit for
coronary artery bypass grafting.29,30 Therefore, preoperative
understanding of hemodynamics in the PDA region is impor-
tant inhepato-pancreato-biliary surgery.Utilizationof4D-Flow
for patients who need pancreaticoduodenectomy may help
surgeons in operative planning.
In conclusion, 4D-Flow identiﬁed hemodynamic changes
in the PDA in patients with PDA aneurysms concomitant
with CA occlusion. In patients with CA occlusion, both CHA
and GDA showed retrograde ﬂow. PDAs had increased
blood ﬂow with heterogeneous distribution of low WSS and
high OSI areas. These changes may be associated with
atherosclerotic tissue degeneration and formation of
atherosclerotic aneurysms.
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